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WITH HELIUM-DRIVEN PLANETARY GASES 

By W i l l i a m  J .  Loubsky and John 0.  Rel le r ,  Jr. 

Ames Research Center 

SUMMARY 


The pe r fec t  -gas r e l a t i o n s  which determine t h e  conditions f o r  t a i l o r e d  
operat ion of a shock tube  are summarized, and a computer method f o r  ca l cu la ­
t i n g  real-gas  e f f e c t s  i s  presented. The ana lys i s  incorporates  t h e  following 
assumptions: (a)  t h e  driver gas behaves as a thermally and c a l o r i c a l l y  pe r ­
f e c t  gas; (b )  t h e  t e s t  gas i s  i n  thermodynamic equilibrium; and ( c )  viscous 
e f f e c t s  a r e  neglected.  Equations are derived t h a t  enable t h e  determination of 
t h e  t i m e ,  7 ,  during which t h e  r e se rvo i r  p rope r t i e s  remain constant ( e . g . ,  t h e  
t ime between t h e  a r r i v a l  of t h e  incident  shock wave and t h e  a r r i v a l  of t h e  
r e f l e c t e d  expansion ,head a t  t h e  end of t h e  driven t u b e ) .  It i s  shown t h a t  a 
nlaximum value f o r  T e x i s t s  f o r  a range of driven-to-driver tube length 
r a t i o s ;  an  optimum r a t i o  i s  def ined f o r  minimum dr ive r  l eng th  at maximum T .  

A minimum value f o r  T a l s o  e x i s t s  i f  t a i l o r i n g  i s  t o  be achieved and cor­
responds t o  an allowable maximum component length r a t i o .  Charts are presented 
which f a c i l i t a t e  t h e  determination of t h e  t a i l o r e d  conditions f o r  a constant 
area shock tube having a helium d r ive  and a i r ,  C02 ,  N2, or A as t e s t  gases .  
Driver conditions are var ied  t o  include pressures from 10 t o  1,500 a t m  and tem­
peratures  from 300' t o  10,OOOo K .  Subs t an t i a l  deviat ions from t h e  perfect-gas 
r e s u l t s  a r e  found f o r  t a i l o r e d  Mach numbers g r e a t e r  t han  8. For a given 
r e se rvo i r  or  reflected-shock enthalpy, real-gas  e f f e c t s  may reduce d r i v e r  tem­
perature  requirements by 30 t o  50 percent .  Driver energy i s  reduced a l s o ,  
s ince  real-gas  e f f e c t s  enable t h e  use of a sho r t e r  d r i v e r  length .  Steady-state 
t i m e s  T, however, can be s u b s t a n t i a l l y  l e s s  than t h e  perfect-gas  va lues .  
Examples of t h e  use of t h e  c h a r t s  a r e  included. 

INTR0DUCT ION 

One f a c t o r  t h a t  l i m i t s  t h e  t e s t  time a v a i l a b l e  i n  a shock tunne l  i s  t h e  
a r r i v a l  a t  t h e  nozzle entrance of t h e  r e f l e c t e d  d r i v e r  expansion wave. One 
method of making t h i s  dis turbance negl igibly small (as i l l u s t r a t e d  i n  refs .  1 
and 2) i s  t o  use a l a r g e  volume driver sec t ion .  This i s  not p r a c t i c a l  when 
energy requirements f o r  t h e  d r ive r  gas are s o  high t h a t  t h e  d r i v e r  gas must be 
arc-heated; t h e  present  s ta te  of t h e  art makes it necessary f o r  d r ive r  volumes 
t o  be q u i t e  small. 

A second l i m i t a t i o n  on t e s t  t i m e  i n  a shock tunne l  i s  t h e  r e f l e c t i o n  of 
pressure waves from t h e  i n t e r f a c e  of t h e  d r ive r  gas and t e s t  gas .  



Hertzberg e t  a l .  ( r e f .  3) were one of t h e  f irst  groups to r e p o r t  a method of 
e l iminat ing t h e s e  dis turbances.  The method w a s  c a l l e d  t h e  t a i l o r e d - i n t e r f a c e  
mode of operat ion and it w a s  observed t h a t  t e s t  t i m e s  pe r  f o o t  of driven tube 
should be approximately s i x  times those  f o r  t h e  r e f l e c t e d ,  nontai lored condi­
t i o n .  The technique c o n s i s t s  i n  s e l e c t i n g  an  i n i t i a l  loading pressure i n  t h e  
dr iven tube  f o r  a given driver condi t ion s o  t h a t  no downstream wave i s  gen­
e ra t ed  when t h e  r e f l e c t e d  shock wave i n t e r a c t s  with t h e  driver gas i n t e r f a c e .  
Ford and Glass repor ted  ( r e f .  4) t h e  bas i c  i n t e r a c t i o n  as e a r l y  as 1954. 
I n t e r f a c e  t a i l o r i n g  has s i n c e  been s tud ied  by many groups. Flagg ( ref .  5) 
provides a d e t a i l e d  ana lys i s  f o r  p e r f e c t  gases i n  which equations f o r  t h e  t a i ­
l o r e d  shock Mach number a r e  derived and r e s u l t s  are presented f o r  Mach numbers 
up to 8. 

The purpose of t h e  present  r epor t  i s  t o  show t h e  extent  t o  which equi l ib­
r i u m  real-gas considerat ions influence t h e  t a i l o r e d - i n t e r f a c e  condition f o r  
a i r  and other  t e s t  gases ,  as w e l l  as t o  provide information f o r  general  use i n  
t h e  preliminary design of f a c i l i t y  components and experiments. A computer 
method i s  presented which extends t h e  perfect-gas  ana lys i s  t o  include r e a l -
gas e f f e c t s  when t h e  t e s t  gas i s  i n  equilibrium. Charts are provided t o  
enable t h e  determination of t h e  t a i l o r e d - i n t e r f a c e  mode of operat ion f o r  a 
constant a r e a  shock tube  employing a helium driver and a i r ,  C02, N2, and A as 
t e s t  gases .  The range of d r ive r  temperatures considered i s  from 300° t o  
10,OOOo K and pressures  from 10 a t m  t o  1,500 a t m ;  thus  co ld ,  r e s i s t a n c e  heated, 
and arc-heated drivers are inclu-ded. From t h e s e  c h a r t s  and t h e  gasdynamic 
c h a r t s  i n  references 6 through 12, t h e  shock tube  flow and thermodynamic prop­
er t ies  can be determined. Equations are derived which enable t h e  determina­
t i o n  of t h e  a v a i l a b l e  s t eady- s t a t e  t i m e  i n  t h e  r e s e r v o i r  as a funct ion of t h e  
d r ive r  and dr iven tube l eng ths .  The optimum and maximum component length 
r a t i o s  are derived. All r e s u l t s  are presented i n  g raph ica l  form. The results 
i n d i c a t e  s u b s t a n t i a l  deviat ions from t h e  perfect-gas  ana lys i s .  

I n  p r a c t i c e ,  var ious mechanisms f o r  energy t r a n s f e r ,  such as v i s c o s i t y ,  
r ad ia t ion ,  and nonideal wave i n t e r a c t i o n s ,  w i l l  reduce performance below t h e  
r e s u l t s  presented he re in ,  but t h e i r  considerat ion i s  beyond t h e  scope of t h e  
present  r e p o r t .  
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ST t a i l o r i n g  value of inc ident  shock wave 

TS r e s e r v o i r  t es t  gas 

condi t ion  ahead of inc ident  shock wave i n  quiescent  gas 

condi t ion behind inc ident  shock wave 

condi t ion behind inc ident  i n t e r f a c e  

condi t ion i n  driver s e c t i o n  p r i o r  t o  diaphragm breakage 

condi t ion  behind r e f l e c t e d  shock wave i n  t h e  t e s t  gas 

condi t ion behind r e f l e c t e d  shock wave i n  t h e  d r i v e r  gas when t h e  
i n t e r f a c e  i s  t a i l o r e d  

7 condi t ion behind r e f l e c t e d  shock wave i n  t h e  d r i v e r  gas when t h e  
in t e r f ace  i s  not t a i l o r e d  

8 conclition behind t h e  r e f l e c t e d  shock wave from t h e  i n t e r f a c e  when t h e  
i n t e r f a c e  i s  not t a i l o r e d  

Reference Constants 

po 

Ro 


1a t m  = 1.013~10~N/m2 

286.8 m2/sec2 OK f o r  air;  296.9 m2/sec2 OK f o r  N,; 189.2 m2/sec2 OK f o r  
C02; 207.8 m2/sec2 OK f o r  argon; 2078 m2/sec2 OK f o r  He 

To 273.16' K 

TI 300° K 

PO 
1.290 kg/m3 f o r  air;  1.246 kg/m3 f o r  N2; 1.960 kg/m3 f o r  C02; 1.780 kg/m3 

f o r  argon 

ANALYSIS 

The t a i l o r e d - i n t e r f a c e  condi t ion e x i s t s ,  by d e f i n i t i o n ,  when no unsteady 
wave dis turbance propagates i n t o  t h e  shock tunnel  r e s e r v o i r  as a r e s u l t  of 
t h e  i n t e r a c t i o n  of t h e  r e f l e c t e d  shock wave and t h e  d r ive r  gas in t e r f ace ;  
t h a t  i s ,  t h e  i n t e r f a c e  i s  brought t o  rest by t h e  r e f l e c t e d  shock wave. The 
genera l  flow process i s  i l l u s t r a t e d  i n  f i g u r e  1w i t h  a phys ica l  schematic and 
distance-time diagram f o r  a constant a rea  shock tube .  The i n t e r f a c e  i s  
" t a i lo red"  when t h e  pressure  r a t i o  p

8
/p 

5 
= 1.0. 
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Per fec t  G a s  Ta i lo r ing  

I n  t h i s  r e p o r t  a thermally and c a l o r i c a l l y  p e r f e c t  gas i s  r e f e r r e d  t o  
simply as a pe r fec t  gas .  The i n t e r a c t i o n  of a shock wave with a contact SUT­

f a c e  ( i n t e r f a c e )  i s  repor ted  f o r  a pe r fec t  gas i n  reference 4, and t h e  c r i t e ­
r i o n  f o r  t a i l o r i n g  i s  expressed i n  terms of t h e  s p e c i f i c  i n t e r n a l  energy r a t i o  

Y4 + 1 + -p5 
e3-= Y4 - 1 p, 
e2 	 Y, t- 1 + -P, 

Y, - 1 P, 

Flagg i n  reference 5 gives  t h e  t a i l o r i n g  requirement i n  terms of t h e  tempera­
t u r e  r a t i o  T3/T2 by t h e  expression 

From equation (2), t h e  t a i l o r i n g  requirement i s  s a t i s f i e d  by a unique tempera­
t u r e  r a t i o  across  t h e  incident  i n t e r f a c e  f o r  a s p e c i f i e d  gas combination and 
r e f l e c t e d  shock pressure r a t i o .  

The t a i l o r e d  shock Mach number, as i l l u s t r a t e d  i n  r e fe rence  5, f o r  a 
shock tube of constant area can be found i n  t e r m s  of t h e  diaphragm speed of 
sound r a t i o  by a simultaneous s o l u t i o n  of equation (2 )  and t h e  following 
r e l a t i o n s  governing t h e  f l o w  process 

p2 

For purposes of t h i s  r e p o r t  t h e  s t rong shock l i m i t  of t h e  above r e l a t i o n s  
i s  used. The e r r o r  introduced by t h e  approximation, which enables t h e  t a i ­
l o r e d  shock Mach number t o  be expressed i n  e x p l i c i t  t e r m s ,  i s  less than  a f e w  
percent f o r  MST > 6. For t h e  s t rong shock approximation t h e  t a i l o r e d  shock 
Mach number can be expressed as 

5 
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and the t a i l o r i n g  requirement , equation (2),becomes simply 

From equation (4 )  it i s  apparent t h a t  t h e  t a i l o r e d  Mach number i s  only a func­
t i o n  of t he  gas  combination and t h e  diaphragm speed of sound ra t i0 . l  When 
real-gas e f f e c t s  are considered, however, s ince  t h e  s p e c i f i c  hea t s  and degree 
of d i s soc ia t ion  are funct ions of two thermodynamic proper t ies ,  t h e  t a i l o r e d  
condi t ions i n  general  as w e l l  as MST are a l s o  dependent upon the  loading 
pressure p1. 

R e a l - G a s  Tai lor ing 

General considerat ions.- Real-gas e f f e c t s  such as va r i ab le  spec i f i c  heats, 
d i s soc ia t ion ,  and ion iza t ion  preclude e x p l i c i t  r e l a t i o n s ,  such as equations (1) 
t o  ( 5 ) .  In  general ,  one must solve f o r  the thermodynamic and flow proper t ies  
downstream of t he  incident  and r e f l ec t ed  shock waves, and a f t e r  the  in te rac t ion  
o f  t he  r e f l ec t ed  shock wave w i t h  the d r i v e r  gas i n t e r f a c e .  In  the  present 
ana lys i s  thermodynamic equilibrium i s  assumed, arid t h e  thermodynamic gas 
models of Bailey and Lomax of t h e  Ames Research Center a r e  used ( e .g . ,  see 
r e f .  13 f o r  carbon d iox ide ) .  Each species  i s  assumed t o  behave as an idea l  
g a s .  The species  considered i n  each model a r e  the  following: (1)ai r :  N2, 
02, N ,  0,NO, N+, O+, NO+, N++, e-; (2) nitrogen: N 2 ,  N ,  N+, N++, e-; (3) 
carbon dioxide: C02, C O Y  02, C y  0,C+, C++, O+, O++, e-; (4 )  argon: A,  A+, 
A++, e-. 

The flow p rope r t i e s  across  the  incident  and r e f l e c t e d  shock waves a re  
governed by equations of conservation of m a s s ,  momentum, and energy and t h e  
equation of state:  

~~ -~ 

'Note t h a t  equation ( 4 )  d i f f e r s  from the  genera l  expression f o r  shock 
tube Mach number by v i r t u e  of t h e  added r e s t r a i n t s  imposed by t h e  t a i l o r e d  
condi t ion.  

6 



The e x p l i c i t  form of t h e  equation of state i s  determined from the  assumed 
gas models. 

The d r i v e r  gas i s  assumed t o  be pe r fec t  and expanded i s e n t r o p i c a l l y  by an  
unsteady expansion wave, t h e  governing equation being 

The v a l i d i t y  of t h e  perfect-gas assumption f o r  a helium d r i v e r  gas i s  based 
upon t h e  f a c t  t h a t  both e l e c t r o n i c  e x c i t a t i o n  and ionizat ion are s u f f i c i e n t l y  
s m a l l  f o r  t h e  d r i v e r  conditions invest igated,  t o  have a neg l ig ib l e  e f f e c t  on 
t h e  thermodynamic p r o p e r t i e s .  The r e s u l t s  of reference 14 i l l u s t r a t e  t h i s  
point . 

Computational procedure.- An IBM 7094 Fortran I1 computer program i s  used 
i n  the  ana lys i s ,  t h e  input information being the  conditions i n  t h e  d r i v e r  and 
dr iven tube sec t ions  before  the  diaphragm breaks.  Equations (6)  and (7)  are 
solved simultaneously f o r  t h e  conditions behind the  incident  shock wave and i n  
t h e  f u l l y  expanded d r i v e r  gas; t h e  pressure and v e l o c i t y  a r e  matched ac ross  
t h e  incident  i n t e r f ace .  The r e f l e c t e d  shock p rope r t i e s  are then found i n  a 
s i m i l a r  manner, with t h e  condi t ion t h a t  u5 = 0. The input loading pressure 
p, i s  se l ec t ed  s u f f i c i e n t l y  low t h a t  t h e  r e f l e c t e d  wave from t h e  driver-gas 
i n t e r f a c e  is  a shock wave. Equations (6)  are solved simultaneously f o r  t he  
conditions behind t h e  t ransmit ted shock wave i n  t h e  d r i v e r  gas and t h e  
r e f l e c t e d  shock wave i n  t h e  t e s t  gas ,  using t h e  i n t e r f a c e  boundary condi t ions 
u7 = us and p, = p,. The pressure r a t i o  p,/p, i s  then formed and a new 
loading pressure PI. i s  determined from t h e  equation 

'lnew = (P8/P,)P l i n i t i a l .  
The e n t i r e  procedure, beginning with t h e  incident  shock wave, i s  repeated 
u n t i l  t h e  pressure r a t i o  p,/p, < 1.005. When t h i s  c r i t e r i o n  occurs,  t h e  
in t e r f ace  i s  considered t o  be t a i l o r e d .  The various forms i n  which t h e  con­
servat ion equations a r e  expressed i n  t h e  procedure as well as t h e  methods of  
i t e r a t i o n  are presented i n  appendix A .  

Component Lengths and Steady-State T ime  Relat ions 

The purpose of t a i l o r e d - i n t e r f a c e  operat ion i s  t o  achieve a maximum 
steady-state  t i m e ,  T ,  i n  t h e  t e s t -gas  r e s e r v o i r .  It can be shown t h a t  7 i s  
a funct ion of d r i v e r  and dr iven tube lengths  and t h a t  an optimum component 
l eng th  rat  i o  ( L D T / L ~ )opt e x i s t s  f o r  any given i n i t i a l  conditions i n  t h e  

d r i v e r  and dr iven tube.  This component l eng th  r a t i o  i s  an  optimum i n  t h e  
sense t h a t  it i s  t h e  only r a t i o  f o r  which both t h e  d r i v e r  energy required i s  a 
minimum and T i s  a maximum. This i s  b e s t  i l l u s t r a t ed  i n  t h e  following 
sketches : 
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L X 
0 

Sketch (a) 

t 

L X 
0 

Sketch ( b )  t he  r e s e r v o i r  s teady-state  time i s  
l i m i t e d  by t h e  a r r i v a l  of the  r e f l ec t ed  

expansion head from t h e  d r i v e r .  Increasing the  component length r a t i o  beyond 
the  optimum value decreases 7 u n t i l  t he  r e f l e c t e d  expansion head i n t e r s e c t s  
t h e  in te r face  before  the  r e f l e c t e d  shock wave, thus in t e r f e r ing  with the  t a i l ­
oring process.  Hence, f o r  t a i l o r i n g  t o  occur the  component length r a t i o  must 
be l e s s  than a maximum value (LDT/LD)max (see sketch ( e ) ) .  The allowable 
( L D T / L D ) ~ ~ ~t h e r e f o r e  implies a minimum value,  Tmin. The dependence of T 

on the  component length  r a t i o  i s  shown q u a l i t a t i v e l y  i n  sketch (d )  f o r  f ixed 

A 

I 

max 

t r 

mi" !-

L X (&E)
0 opt LDT-Sketch ( e )  LD 

Sketch (d) 
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From sketch (a> it i s  seen t h a t  
(LDT/LD) opt  occurs when the  r e f l e c t e d  
shock wave, t h e  r e f l e c t e d  expansion 
head,and t h e  expansion t a i l  a l l  i n t e r ­
s e c t  a t  t h e  same point  on a dis tance-
time diagram. When the  component 
length  r a t i o  i s  less than the  optimum 
value (sketch (b)  ) , I- is  l imi ted  by 
t h e  dis turbance generated from the  
i n t e r a c t i o n  of t h e  r e f l ec t ed  shock 
wave and t h e  d r i v e r  gas expansion t a i l .  
Hence f o r  a f ixed  driven tube length ,  
increasing t h e  d r i v e r  length so t h a t  
(LDT/LD) < (LDT/LD) opt requires  more 
d r i v e r  energy ( l a rge r  volume) with no 
increase i n  the  steady-state time, I-. 
For a f ixed  d r i v e r  length (and energy),  
(LDT/Ln) becomes l e s s  than ( L D T / L D ) ~ ~ ~7	when the  dr iven  tube length i s  too  
s h o r t .  The r e s u l t  is t h a t  T < I - ~ ~ 

and t h e  t e s t - s l u g  length i s  a l s o  
reduced. Hence the  s i t ua t ion  depicted 
i n  sketch (a) is the  optimum condi t ion.  

For component length r a t i o s  equal 
t o  o r  g r e a t e r  than the  optimum value 



thermodynamic condi t ions i n  t h e  d r i v e r  and dr iven tube .  It i s  seen t h a t  t h e  
curve f o r  7 depends on which component length  i s  allowed t o  vary.  From t h e  
considerat ion of s lopes on a distance-time diagram, r e l a t i o n s  f o r  t h e  va r i ab le s  
above can be der ived i n  terms of flow, wave, and sound speeds i n  t h e  var ious 
regions,  and t h e  dr iver-gas  s p e c i f i c  hea t  r a t i o .  These r e l a t i o n s  a r e  der ived 
i n  appendix B and are wr i t t en  i n  t h e  following form: 

+(a)

LD max 

+e+%) 



f 

1 

r 
2a4 - (Y - l ) u 3  

a4 -t -; u3 + Vme 
L 

v a l i d  for 

where 


'me u3 

and 
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Equation (12) enables t h e  determination of t he  ava i l ab le  t i m e  T f o r  any 
component length  r a t i o  between the  optimum and maximum values .  Equations (8) 
through (12) are v a l i d  when t h e  tes t  gas  i s  t r e a t e d  as a pe r fec t  gas as w e l l  
as when real-gas e f f e c t s  are considered. The va r i ab le s  85, N, p5/p2, and VR 
are found i n  the  cha r t s  of references 6 through 12.  

The length  of t h e  tes t -gas  slug contained between t h e  s t a t iona ry  i n t e r ­
face  and the  dr iven tube end-wall f o r  t h e  t a i l o r e d  condition is  determined 
from the  r e l a t i o n  > 

or i n  terms of v e l o c i t i e s  I 

RE3ULTS AND DISCUSSION 

Comparison of Per fec t - and Real-Gas Calculations 

The va r i a t ion  of t a i l o r e d  shock Mach num'oer with d r ive r  temperature and 
i n i t i a l  loading pressure i n  t h e  dr iven tube is  shown i n  f igu re  2 f o r  t h e  sev­
eral  t e s t  gases considered. The e f f e c t s  of i n i t i a l  pressure are seen t o  be  
small. Comparisons with t h e  perfect-gas strong-shock approximations i l l u s ­
t r a t e  a subs t an t i a l  devia t ion  i n  t a i l o r e d  Mach numbers g rea t e r  than MsT = 8; 
f o r  example, f o r  T4 = 8000~K, p, = 0.001 a t m  i n  a i r ,  t he  real-gas  Mach number 
i s  23.1 as compared t o  19 .4  f o r  t h e  perfect-gas value,  an increase of 19  per­
cen t .  In  f igu re  2 ( d ) ,  real-gas e f f e c t s  i n  argon result  i n  a lower MST than 
t h e  perfect-gas value for 1000° K < T4 < 4000° K. This behavior i s  due t o  t h e  
rap id  onset of ion iza t ion  i n  the  t e s t  gas behind the  r e f l ec t ed  shock wave with 
increasing temperature. The r e l a t i v e l y  sudden t r a n s i t i o n  t o  the  ionized s t a t e  
r e f l e c t s  t h e  exis tence of  only sparse ly  populated exci ted e lec t ronic  states 
t h a t  i s  c h a r a c t e r i s t i c  of t h i s  gas  ( see  r e f .  1 0 ) .  The r e s u l t s  f o r  r e f l e c t e d  
shock pressures  shown i n  reference 10 are cons is ten t  with present f i nd ings .  
It should be noted t h a t  i n  f igure  2 t h e  d r i v e r  pressure p4 i s  not a r b i t r a r y  
and must be determined from f igu re  3 .  However, s ince  the  e f f e c t s  of p, are 
small, then the  e f f e c t s  of on t h e  t a i l o r e d  shock Mach number are a l s o  
s m a l l .  

p, 

Figure 3 i l l u s t r a t e s  t he  e f f e c t  of d r i v e r  pressure and temperature on t h e  
i n i t i a l  loading pressure t h a t  i s  required i n  t h e  dr iven tube t o  achieve i n t e r ­
face t a i l o r i n g .  It i s  seen t h a t  p, i s  more sens i t i ve  t o  t h e  d r i v e r  condi­
t i o n s  a t  lower d r i v e r  temperatures.  For C02 ( f i g .  3 ( c ) ) ,  the  curves f o r  
d r i v e r  temperatures from 3000° t o  60000 K l i e  c lose  together  while those f o r  
4000' and 3000° K are seen t o  c ros s .  Although not  completely understood, t h i s  
behavior i s  a t t r i b u t e d  t o  r e l a t i v e l y  l a r g e  changes i n  chemical composition of 
t h e  t e s t  gas with temperature i n  t h i s  i n t e r v a l  and t o  the  pressure dependence 
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of t h i s  change. For t h i s  range of d r i v e r  temperatures t h e  d issoc ia t ion  of C02 
molecules i s  completed behind t h e  incident  shock wave and t h e  fu r the r  break­
down of t he  gas i n t o  C and 0 atoms i s  accomplished i n  subs t an t i a l  and vary­
ing amounts behind the  r e f l e c t e d  shock wave, as shown by t h e  results of 
reference 9. 

The tes t -gas  r e s e r v o i r  o r  r e f l e c t e d  shock enthalpy and pressure fo r  
t a i l o r e d  operat ion are shown as a funct ion of  d r i v e r  temperature i n  f igure  4. 
Again the  d r i v e r  pressure p4 i s  not a r b i t r a r y  and must be determined from 
f igure  3 .  The enthalpy i s  i n  the  dimensionless form h5/RTo and the pressure 
i s  r a t i o e d  t o  t h e  i n i t i a l  pressure p,. Again t h e  real-gas e f f e c t s  a r e  
obviously s u b s t a n t i a l .  For a i r ,  with T4 = 80000 K, p, = 0.001 a t m ,  t he  res­
e rvo i r  enthalpy i s  37 percent higher than the  perfect-gas value and t h e  res ­
e r v o i r  pressure i s  270 percent higher .  This, of course, i s  a d i r e c t  r e s u l t  
of t h e  real-gas t a i l o r i n g  Mach number being g r e a t e r  than the  perfect-gas 
value.  When t h e  r e s e r v o i r  enthalpy is  a spec i f ied  quant i ty ,  say f o r  design 
purposes h5/RTo = TOO i n  air ,  then i f  t h e  real-gas  e f f e c t s  a r e  considered 
the  d r i v e r  temperature required w i l l  be less than t h e  required perfect-gas 
value,  i n  t h i s  case by 25 percent .  Similar  r e s u l t s  are observed f o r  N2 and 
C02. With argon, however, t h e  advantageous e f f e c t s  of real-gas proper t ies  a r e  
l e s s  pronounced. In  f a c t ,  f o r  h5/RTo < 500 real-gas e f f e c t s  a r e  disadvanta­
geous, r e f l e c t i n g  again t h e  presence of s u b s t a n t i a l  amounts of ion iza t ion  i n  
t h e  t e s t  gas a t  r e l a t i v e l y  low values of T4.  

The optimum and allowable maximum component length  r a t i o s  a r e  shown i n  
f igu re  5 as a funct ion of d r i v e r  temperature w i t h  p, as a parameter. The 
real-gas length  r a t i o s  a r e  g r e a t e r  by as much as a f a c t o r  of 2 and a surpr i s ­
ing ly  l a rge  inf luence of tes t -gas  chemistry can be seen f o r  C02 and argon, a t  
t h e  T4 values noted e a r l i e r  i n  f igu res  2 and 3 .  From comparison with t h e  
perfect-gas values it is  noted t h a t ,  f o r  a given dr iven tube length,  consider­
ing real-gas e f f e c t s  enables the  use of a shor t e r  dr iver ;  therefore ,  less 
t o t a l  d r i v e r  energy i s  required f o r  a spec i f ied  d r i v e r  pressure and tempera-

given d r i v e r  -~t u r e .  Conversely, f o r  a - l ength  t h e  optimum driven tube length  
must be s u b s t a n t i a l l y  g r e a t e r  than predicted by a perfect-gas ana lys i s  t o  
achieve a maximum real-gas ,  s teady-state  r e s e r v o i r  t ime. The intermediate 
s i t ua t ions  where L D ~ / L D  i s  l e s s  than optimum should be avoided s ince they 
have been shown e a r l i e r  t o  have adverse e f f e c t s  on s teady-state  times and 
d r i v e r  energy requirements (see sketches (b )  and ( d ) ) .  

Figure 6 i l l u s t r a t e s  t he  e f f e c t s  of d r i v e r  temperature and i n i t i a l  pres­
sure  P, on t h e  s teady-state  time parameter a,T/LD. The parameter, and 
therefore  t h e  a v a i l a b l e  s teady-state  time 7 ,  decreases with increasing tem­
pera ture  and depends s l i g h t l y  on the  i n i t i a l  pressure i n  the  dr iven tube.  
For a given d r i v e r  temperature and i n i t i a l  pressure,  t he  consideration of real-
gas e f f e c t s  y ie lds  a value f o r  t he  parameter l e s s  than the  perfect-gas value.  
The deviat ions a r e  l e s s  pronounced f o r  t he  optimum values of LDT/LD than 
f o r  the  maximum values .  For example, a t  T4 = 8000' K, p, = 0.001 a t m  from 
f igure  6 (a )  the  devia t ion  i n  the  parameter i s  only 8 percent f o r  the  optimum 
case but  i s  40 percent f o r  t he  maximum.  This i s  s o  f o r  two reasons: F i r s t ,  
i n  t he  optimum case t h e  cont ro l l ing  fea ture  i s  the  v e l o c i t y  of t he  primary 
expansion t a i l .  While t h i s  disturbance moves much faster r e l a t i v e  t o  the  main 
shock wave i n  the  real-gas flow than i n  the per fec t  gas ,  the  added driven tube 



l eng th  required f o r  real-gas  opt imizat ion i s  compensatory and T is  not  
g r e a t l y  d i f f e r e n t .  Second, i n  t h e  case of maxi" LDT/LD t h e  length  of t h e  
tes t -gas  slug (see  eq.  (16))  i s  dominant and is  s u f f i c i e n t l y  reduced i n  t h e  
r e a l  gas  t h a t  even t h e  g r e a t e r  dr iven  tube length  does not overcome t h e  d i f ­
ference,  and T i s  s u b s t a n t i a l l y  l e s s .  I n  summary, i f  d r i v e r  length  i s  
f ixed ,  t h e  increase i n  dr iven  tube length  t o  meet t h e  real-gas optimum condi­
t i o n  l a r g e l y  compensates f o r  t h e  t i m e  reduct ion (per  foot  of tube)  due t o  
real-gas  e f f e c t s .  I f ,  however, t h e  dr iven tube i s  f ixed  and t h e  d r i v e r  i s  
shortened t o  minimize energy requirements f o r  real-gas operat ion,  then t h e  
combined r e s u l t s  of f i g u r e s  >(a) and 6 ( a )  revea l  t he  s teady-state  time 
Top% M 0.40 T o p t  . For a long d r i v e r ,  when L D ~ / L D  is  l e s s  than 

r e a l  pe r f ec t  
(LDT/LD) opt time does not increase so long as t h e  dr iven  tube length  is  
f ixed ,  as w a s  ind ica ted  i n  t h e  Analysis s ec t ion .  This l as t  condi t ion might 
not be r e s t r i c t i v e  i f  t he  r e l a t i v e l y  s l o w  change of pressure i n  t h e  primary 
expansion t a i l  can be t o l e r a t e d  ( see  sketch ( b ) ) .  

Use of  Charts 

The use of t h e  c h a r t s  w i l l  be i l l u s t r a t e d  by the  following examples. The 
f irst  example is  t o  determine t h e  condi t ions required f o r  t a i l o r e d  operat ion 
of  a shock tunnel  f o r  a given s e t  of d r ive r  condi t ions,  say T4 = 4000° K and 
p4 = 400 a t m ,  i n  a helium-air gas combination. From f igu res  2 ( a )  and 3(a)  t h e  
requi red  shock Mach number i s  MST = 14.7,  and the  i n i t i a l  d r iven  tube loading 
pressure p, = 0.10 a t m .  The r e se rvo i r  or r e f l e c t e d  shock enthalpy and pres­
sure  are found t o  be hs/RTo = 365 or h5 = 2 8 . 7 2 ~ ~ 0 6joules/kg, and 
p5/p1 = 3350 or p, = 335 a t m ,  from f igu re  &(a ) .  These values  as wel l  as the  
remaining r e se rvo i r  p rope r t i e s  and t h e  condi t ions downstream of  t h e  inc ident  
shock wave can be found from t h e  cha r t s  of references 6 ,  7, and 12. Pe r t inen t  
values  f o r  t h i s  example a r e  u2 = 4.62 mm/ysec, VR = 0.843 mm/ysec, and 
a5 = 2.24 rnm/psec. F r o m  equations (8) through (11)or from f igu res  5(a)  and 
6 ( a ) ,  (LDr/LD)opt = 2.3, (LDT/LD),, = 7.3, ( ~ ~ T / L D ) ~ ~= 0.152, and 
(a,T/LD)min = 0.062. Therefore f o r  a d r i v e r  length ,  LD, of 3 .0  m y  

=(LDT)opt = 7.5 m y  ( L D T ) ~ ~21.9 m, T~~ = 1.314 msec, and T~~ = 0.536 msec. 
The length  of t h e  r e se rvo i r  t e s t  s lug i s  found from equation (16); 
(LTS)opt = 0.111m y  ( L T S ) ~ ~= 0.328 m. 

The second example is  t o  determine t h e  condi t ions required f o r  t a i l o r e d  
operat ion of a shock tunnel  f o r  a He-C02 gas combination f o r  a iven r e se rvo i r  
enthalpy and pressure,  say h5 = 28.30H.06 joules/kg and p5 = 98 a t m .  From 
f igu re  4 (c )  t h e  d r i v e r  temperature is T4 = 3000° K and t h e  loading pressure 
is  p1 = 0.01 a t m ,  found by a t r ia l  and e r r o r  s e l ec t ion  of p, i n  t h e  f i g u r e .  
From f igu res  2 ( a )  and 3(a) t h e  required shock Mach number i s  M,CJI = 19.0and 
t h e  required d r i v e r  pressure i s  p4 = 140 a t m .  The same procedure as i n  t h e  
f i rs t  example i s  used t o  determine the  remaining r e se rvo i r  p rope r t i e s ,  con­
d i t i o n s  behind t h e  inc ident  shock wave, component lengths  and s teady-s ta te  
t imes T. 



CONCLUDING REMARKS 

An a n a l y t i c a l  and numerical study has been made of shock tube performance 
i n  t h e  t a i lo red - in t e r f ace  mode of operat ion,  with primary emphasis on t h e  
influence of equi l ibr ium real-gas e f f e c t s  i n  the  t e s t  medium. The e f f e c t s  of 
v i s c o s i t y ,  energy r ad ia t ion ,  and nonideal wave in t e rac t ions  have not been con­
s idered  i n  t h i s  study, and t o  t h i s  ex ten t  t h e  s p e c i f i c  results w i l l  be a t  
variance with experimental f ind ings .  

The perfect-gas r e l a t i o n s  f o r  t h e  t a i l o r i n g  requirement are summarized 
and a computer method i s  presented t h a t  extends the perfect-gas results t o  
include equi l ibr ium real-gas e f f e c t s  i n  t h e  t e s t  gas .  Equations are derived 
f o r  determining t h e  t i m e  during which the  r e se rvo i r  p rope r t i e s  remain con­
s t a n t .  Charts are presented t h a t  f a c i l i t a t e  the determination of  t h e  flow and 
thermodynamic p rope r t i e s  f o r  t a i l o r e d  operat ion f o r  a constant-area shock tube 
employing a helium d r ive r  and a i r ,  COZY N2, o r  argon as t e s t  gases .  Driver 
conditions are var ied  from 300° K -< T4 -< 10,OOOo K and 10 a t m  -< p4 5 1,>00a t m .  

The results devia te  s u b s t a n t i a l l y  from t h e  perfect-gas results when real-
gas  e f f e c t s  are considered, e spec ia l ly  f o r  t a i l o r e d  Mach numbers g rea t e r  than 
8 .  With respect  t o  d r i v e r  length  and energy requirements these  devia t ions  are 
very favorable .  For a given d r ive r  pressure and temperature t h e  real-gas 
t a i l o r e d  Mach number, and hence t h e  r e se rvo i r  enthalpy, i s  considerably higher 
than t h e  perfect-gas value.  This result i s  important i n  an experiment ( e .g . ,  
heat  t r a n s f e r )  f o r  which the r e se rvo i r  enthalpy l e v e l  i s  a given quant i ty .  Con­
s ider ing  real-gas e f f e c t s  can reduce the d r ive r  temperature requirements by as 
much as 30-30 percent ,  with a corresponding reduct ion i n  d r i v e r  energy require­
ments. In  addi t ion  t o  t h e  reduct ion i n  d r i v e r  temperature requirements f o r  a 
given r e se rvo i r  enthalpy, a f u r t h e r  reduct ion i n  t o t a l  d r i v e r  energy i s  appar­
en t  from the  f a c t  t h a t  a sho r t e r  d r ive r  i s  required f o r  a given driven-tube 
length .  

It i s  shown t h a t  a maximum s teady-state  t i m e ,  T ,  e x i s t s  and corresponds 
t o  t h e  optimum component length  r a t i o .  A minimum s teady-s ta te  t i m e  a l s o  
exis ts ,  i f  t a i l o r i n g  i s  t o  be achieved, and corresponds t o  the  maximum allow­
ab le  component length  r a t i o .  The t i m e ,  T, during which the r e se rvo i r  proper­
t i e s  remain constant  i s  reduced from t h e  ideal-gas va lue .  The considerat ion 
of real-gas e f f e c t s  i s  a necess i ty  when condi t ions are determined f o r  ta i lored-
in t e r f ace  operat ion a t  Mach numbers above 8 and d r i v e r  gas  temperatures i n  
excess of 1000~K .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett F ie ld ,  Cal i f . ,  March 18, 1966 
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Sketch ( e )  

h2 h, 2 [l (271 

I 

APPENDIX A 

COMPUTATIONAL PROCEDURE AND ITERATION METHODS 

An I B M  7094 Fortran I1 program incorporates  as input information the  
following thermodynamic proper t ies  i n  the  d r ive r  and dr iven  tube: p,, T i ,  Y,,
R1, p4, T4,  y4,  and &. The d r i v e r  gas speed of sound and l imi t ing  ve loc i ty  
are ca lcu la ted  from 

and 

uL = a4(/, :J 
Equation (A2) i s  necessary i n  t h e  i t e r a t i o n  method f o r  matching pressure and 
ve loc i ty  across  the  incident  i n t e r f ace .  

INITLAL MOVING SHOCK WAVE 
‘ / //////////////LLLLLLLLLLLL 

The flow geometry i s  i l l u s t r a t e d  
u2 u,=o 

i n  sketch ( e ) .  A Gal i lean transforma­
t i o n  i s  used t o  rewr i te  equations (6)4nW///////// as follows: 

Sketch ( e )  . 
p2 = P, + P1VS2(l -8 

= ­h2 = h, -E 2-E vs2 [l --(271 

The choice of an i n i t i a l  value of ~ / V S ,  f o r  example, %/VS = 1, leads  
t o  f irst  approximations f o r  p and h2. From thermodynamic t a b l e s  a p2 and 
thus  an improved value f o r  W ~ V S  i s  found. The cycle  i s  repeated u n t i l  
successive values of u2/Vs d i f f e r  by a neg l ig ib l e  amount. 



ITERATION FOR EQUAL PRESSWS ACROSS INTERFACE 

The d r i v e r  gas  is  expanded unsteadi ly  from stagnat ion conditions t o  a 
pressure p,. From equation (7)

3 

where p4 i s  given and a4 is  known from equation (A2). The i t e r a t i o n  con­
sists of i n i t i a l l y  choosing two values f o r  I& = - and comparing the  r e s u l t ­
ing p3 from equation ( A 4 )  with p, from the  i n i t i a l  moving shock 
r e l a t i o n s  ( A 3 ) .  The method i s  i l l u s t r a t e d  i n  sketch ( f ) .  The curve f o r  p3 

L 

U 

Sketch ( f )  

i s  a r b i t r a r i l y  f i t t e d  with a parabola through the  two chosen values f o r  
and the  l i m i t i n g  v e l o c i t y ,  UL. The p2 curve i s  approximated a r b i t r a r i l y  
with a s t r a i g h t  l i n e .  The i n t e r s e c t i o n  of t h e  two curves def ines  a new e s t i ­
mate f o r  t h e  v e l o c i t y  u;! which i s  used t o  compute new p, and p3. The 
i t e r a t i o n  proceeds i n  t h i s  manner u n t i l  t he  following c r i t e r i o n  f o r  conver­
gence i s  s a t i s f i e d :  /Pe i-1 < 0.00005 

REFLECTED SHOCK WAVE 

The flow geometry i s  i l l u s t r a t e d  
i n  sketch ( g ) .  Equations (6)  of t h e  
t e x t ,  a f t e r  a Gal i lean transformation, 
a r e  rewr i t ten  i n  the  form 



where the proper t ies  i n  region 2 a r e  known. The choice of an i n i t i a l  value of 
%/VR (e .g . ,  u 2 / V ~= 1) l eads  t o  f irst  approximations f o r  p5 and h,. From 
the  thermodynamic t a b l e s  a p5 and thus an improved value f o r  %/VR i s  
found. The process is  repeated u n t i l  successive values of U.Z&~R d i f f e r  by a 
negl ig ib le  amount. 

REFLECTION AND REFFUlCTION OF TKF: REFLECTED SHOCK WAVE 
AT THE INTERFACE 

The flow geometry is  i l l u s t r a t e d  i n  sketch (h). For the  r e f r a c t e d  shock 
wave, which t ransmits  i n t o  the  d r i v e r  gas (considered t o  be a per fec t  gas ) ,  
t he  shock equations become 

and 

I 




The r e f l e c t e d  wave from the  in t e r f ace  can be a shock wave, a Mach wave, or a n  
expansion wave, depending upon t h e  i n i t i a l  loading pressure i n  t h e  dr iven tube .  
When it i s  a shock wave, t h e  governing equations a r e  

-The wave r e f l e c t e d  from the  in t e r f ace  w i l l  be a shock when u, - u8 > 0. 
The boundary conditions a r e  p, = p8 and u7 = u8 . The procedure f o r  solving 
equations ( A 6 )  and (A7)  i s  as follows: 

(1)Let u8 = 0, as a f i r s t  guess.  

(2)  Assume a p,/p3 and ca l cu la t e  a p,/p3 from equation (A6c). 

(3) Calculate VRHe from equation ( A 6 a ) .  

( 4 )  Calculate p,/p3 from equation (A6b) and repeat  s t eps  (2 )  t o  ( 4 )  
u n t i l  t he  successive values of 

p7/p3 d i f f e r  by a negl ig ib le  amount. 

( 5 )  If the  input p, i s  s u f f i c i e n t l y  small, t h e  r e s u l t i n g  p, i s  
g r e a t e r  than p,. The computer now solves  equations (A7)  f o r  t he  guessed 
value u8 and compares with p,. If p, # p, a new est imate  f o r  u8 
i s  made. '8 

(6)  Using the  new u8, repeat  s t eps  (2)  t o  ( 3 )  u n t i l  successive values of 
us d i f f e r  by a negl ig ib le  amount, thus determining t h e  conditions i n  regions
(7) and (8) .  The result i s  t h a t  p, = u = u8 > 0, and p8/p5 > 1. 

'8' 7 

DETERMINING TKF: INITIAL DRIVEN TUBE LOADING PRESSURF: FOR 
TAILOmD OPERATION 

For a given s e t  of d r i v e r  condi t ions,  the  input p, i s  se lec ted  s u f f i ­
c i e n t l y  small t h a t  a shock wave is r e f l e c t e d  from the  in t e r f ace  as i l l u s t r a t e d  
i n  sketch ( h ) .  New values of p, a r e  successively computed from 
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and the  e n t i r e  process beginning w i t h  t he  incident  shock wave is repeated 
u n t i l  t he  following c r i t e r i o n  i s  establ ished:  

p81.000 < -< 1.005 
p5 -

As p8/p5 + 1, u7 = u8 + 0 and t h e  in t e r f ace  i s  considered t o  be t a i l o r e d .  



APPENDIX B 

DERIVATION O F  COMPONENT LENGTH AND RESERVOIR 

STEADY-STATE TIME RELCITIONS 

GENERAL EQUATIONS 

The equations a r e  derived i n  terms of wave and flow v e l o c i t i e s  and t h e  
d r i v e r  s p e c i f i c  hea t  r a t i o .  Variables used i n  t h e  der iva t ions  a r e  defined i n  
t h e  distance-time diagram below. 

t 

Sketch ( i)  

b

The time for which t h e  r e f l e c t e d  expansion head from t h e  d r i v e r  w a l l  and 
the  expansion t a i l  i n t e r s e c t ,  t3,  i s  found by t h e  method of reference 15. For 
a per fec t  gas it can be shown tha t  t 

(Note: y = y, i n  the following equations) 
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which, a f t e r  rearrangement, becomes 
Y+l 


The d r i v e r  length  is  

LD = a4t4 

o r  
LD 

t 4  = ­a4 

The equation f o r  t h e  i s en t rop ic  unsteady expansion of a pe r fec t  gas from 
stagnat ion condi t ions can be wr i t t en  as 

Combining equations (Bl), (B2), and (B3) r e s u l t s  i n  t h e  in t e r sec t ion  time 

From t he  sketch t h e  following equations can be wr i t ten :  

L~~ = L3 + Li* + L i  + L2 (B5) 
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From equations (B?),  (Bg) ,  and (B10) 

Equating (B6), (B7) ,  and (B8) t o  equation (�310) y i e l d s  

From equation (B3) ,  t h e  above equation can 	be rearranged as follows 

I- 1 

Combining equations (B4),  ( B l l ) ,  and (B12) gives  

1 


+ 
a4 LD 

J 

The time f o r  which t h e  r e f l e c t e d  expansion head and the  *t a i l o r e d ­
in t e r f ace  i n t e r a c t  i s  found by solving equation (B7) f o r  ti , 

The time, T, during which the  reservoi r  thermodynamic proper t ies  remain 
constant i s  the  i n t e r v a l  between the  a r r i v a l  of t he  r e f l e c t e d  expansion head 
and the  incident  shock wave i n  t h e  r e se rvo i r .  F r o m  equation ( B g ) ,  
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When equations (Bll), (B14), and (B15) are combined, 7 becomes 

The general  equation f o r  t h e  t i m e  T i n  terms of known d r ive r  and dr iven  
tube lengths  and t h e  various wave, flow, and sound speeds i s  found by combin­
ing equations (Bl3) and (~16)~ 

Equation ( B l 7 )  holds f o r  any L D T / L ~  such t h a t  L i *  > 0 and L i  > 0. To evalu­
a t e  equation ( B l T ) ,  a6 and Vme must be ca lcu la ted  from t h e  Rankine-Hugoniot 
r e l a t i o n s .  From t h e  t r a n s f e r  o f  v e l o c i t y  coordinates i n  sketch ( j ) ,  t h e  i d e a l  
Rankine-Hugoniot r e l a t i o n  i s  used t o  ca l cu la t e  t h e  r e f l ec t ed  shock v e l o c i t y  i n  
t h e  d r ive r  gas ,  Vme. 

Moving shock Standing shock 

Sketch ( j )  
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Solving f o r  Vme, 

The speed-of-sound r a t i o  across  the  r e f l e c t e d  shock i n  the  d r i v e r  gas is  

Combining equations (B3) and ( B l g )  y i e lds  

where a4 (yRT4 ) The pressure r a t i o  

where p5/pl, pl/p2, and t h e  remaining q u a n t i t i e s  VsT,  VR, I&, a5 can be 
found from t he  cha r t s  i n  t h e  references.  

SPECIAL CASE EQUATIONS 

Optimal Relations 

Maximum time T can be achieved when the  r e f l e c t e d  shock wave, re f lec ted  
expansion head, and expansion t a i l  i n t e r s e c t  a t  the  same po in t .  &om 
sketch (i)T and thus  L~T/LDIopt OCCUT when t,* = t3, Li* = 0. -om 
equations ( B r a n d  (B13) 

Y + l  ­

+ 2 a4 
LD

84 
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which when rearranged y i e l d s  t h e  optimum component length  r a t i o  

From equations (B4) and ( ~ 1 6 )with t3*= t3, t h e  maxi” time T becomes 

+ (l+%)
a4 

To evaluate equation (B22) one must assume a d r i v e r  length .  

Minimal Tai lor ing Relat ions 

A n  upper l i m i t  on t h e  component length r a t i o ,  LDT/Lkxy i s  imposed s ince  
the  r e f l e c t e d  shock wave must i n t e r a c t  with t h e  in t e r f ace  p r i o r  t o  t h e  
r e f l e c t e d  expansion head i f  t a i l o r i n g  is  t o  OCCUT. From sketch (i), t h e  l i m i t  
r e s u l t s  when t3* = ti* = ti, L i  = 0 .  From equations (B11) and ( B l 3 )  t h e  
maximum allowable component length  r a t i o  becomes 

Y+1 


LD 

From equations (B11) and ( ~ 1 6 )with t3* = ti’ t h e  minimum time I- becomes 

i 

Again one must assume a d r i v e r  length .  
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Figure 1.- Schematic and distance-time diagrams f o r  a constant area shock tube.  
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Figure 2.- Driver-gas temperature required f o r  a t a i l o r e d  shock wave (P4 not a r b i t r a r y ) .  
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Figure 2.-Concluded. 
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Figure 3.- I n i t i a l  pressure of t e s t  gas i n  t he  dr iven tube f o r  a t a i l o r e d  r e f l e c t e d  shock wave. 
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